Electronic Version 
Stylesheet Version vl.1.1 

Description 

METHOD FOR HEATING A BATTERY IN A 
HYBRID ELECTRIC VEHICLE 

Background of Invention 
[0001] i. Field of the Invention 

[0002] The present invention relates generally to the operation of 
hybrid vehicles, and more particularly to the operation of 
a battery system of a hybrid electric vehicle. 

[0003] 2. Background Art 

[0004] Hybrid electric vehicles use an internal combustion engine 
and a battery as power sources for vehicle propulsion. In 
general, the battery performs poorly at cold temperatures. 
Specifically, cold temperatures affect battery chemistry 
and increase electrical resistance within the battery. As a 
result, the peak charge of the battery is limited and the 
peak battery discharge capability is reduced. Poor battery 
performance reduces torque to the vehicle wheels when 
battery power is utilized to propel the vehicle and in- 



creases reliance on the internal combustion engine. 
Greater reliance on the engine increases vehicle emissions 
and decreases fuel economy. In addition, poor cold tem- 
perature battery performance could result in the need to 
add external or secondary battery heating devices to the 
hybrid electric vehicle. 
[0005] cold temperatures also increase the effects of polarization 
resistance voltage of the battery, which at sufficiently high 
levels can prevent the battery from charging or discharg- 
ing. Polarization resistance voltage can be temporarily 
lowered by reversing the polarity of the battery, such as 
by switching from discharging the battery to charging, or 
vice versa. Reducing the polarization resistance voltage 
allows more current to circulate through the battery. The 
current circulating through the battery interacts with the 
internal battery resistance (i.e., I 2 R loss), resulting in a 
battery temperature increase and improved battery per- 
formance at cold temperatures. However, battery current 
polarity reversals may be noticeable to vehicle occupants. 
For example, polarity reversals may be manifested as 
noise, intermittent engine revving, and hesitation in vehi- 
cle acceleration and may be particularly noticeable when 
cruising at a steady speed. 



[0006] Consequently, there was a need for a method of heating a 
hybrid electric vehicle battery to improve battery perfor- 
mance and to do so in a manner that is not objectionable 
to vehicle occupants. Problems associated with prior art as 
noted above and other problems are addressed by Appli- 
cant's invention as summarized below. 
Summary of Invention 

[0007] According to one aspect of the present invention, a 

method for heating a battery in a hybrid electric vehicle is 
provided. The hybrid electric vehicle has an engine, a bat- 
tery, a motor-generator powered by the engine or the 
battery and adapted to drive a vehicle wheel, and a control 
module for monitoring and controlling the hybrid electric 
vehicle. The method includes the steps of determining if a 
battery temperature is below a predetermined value, de- 
termining whether triggering event has occurred, and re- 
versing polarity of the battery current if the battery tem- 
perature is below a predetermined value and a triggering 
event has occurred. The triggering event may be a "tip-in" 
event, a "tip-out" event, or a terminal voltage event. The 
polarity of the battery current may be reversed if the bat- 
tery temperature is below a predetermined value and a 
tip-in event, a tip-out event, or a terminal voltage event 



has occurred. 

[0008] The step of determining whether a tip-in event has oc- 
curred may include measuring battery voltage and not re- 
versing polarity of the battery if the battery voltage is low. 
The step of determining whether a tip-out event has oc- 
curred may include measuring a battery voltage and not 
reversing the polarity of the battery current if the battery 
voltage is high. 

[0009] a first slew rate may be used when reversing the polarity 
of the battery current for a tip-in event and a tip-out 
event. A second slew rate may be used when reversing the 
polarity of the battery current for a terminal voltage event. 
The first slew rate may be faster than the second slew 
rate. 

[0010] The step of determining the temperature of the battery 
may include comparing a predetermined value to a mea- 
sured value from a battery temperature sensor. The step 
of determining whether a tip-in event has occurred may 
be based on a change in position of a gas pedal position 
sensor. The step of determining whether a tip-out event 
has occurred may be based on the change in position of a 
brake pedal sensor or gas pedal position sensor. The step 
of determining whether the terminal voltage event has oc- 



curred may include comparing a terminal voltage value to 
a limit value that is indicative of the polarization resis- 
tance voltage of the battery. 

[001 1] According to another aspect of the invention, the method 
determines if a temperature of the battery is below a pre- 
determined value and determines whether a previous po- 
larity reversal has been completed. The method may also 
determine whether a tip-in event, tip-out event, or a ter- 
minal voltage event has occurred, and reverse the polarity 
of the battery current if the battery temperature is below 
the predetermined value, the previous polarity reversal 
has been completed, and a tip-in event, tip-out event, or 
a terminal voltage event has occurred. Reversing the po- 
larity of the battery current may occur at a first slew rate 
for a tip-in event and a tip-out event and a second slew 
rate for a terminal voltage event. 

[0012] The step of determining whether a previous polarity re- 
versal has been completed may include determining 
whether the battery is charging or discharging after deter- 
mining whether the previous polarity reversal has been 
completed. The step of reversing the polarity of the bat- 
tery current may include calculating a power target level 
and reversing the polarity of the battery to the power tar- 



get level. The step of determining whether a terminal 
voltage event has occurred may include determining 
whether the terminal voltage value is greater than a first 
limit value if the battery is discharging and determining 
whether the terminal voltage value is less than a second 
limit value if the battery is charging. 
[0013] According to another aspect of the invention, the method 
includes the steps of determining if the temperature of 
the battery is below a predetermined value, determining 
whether a previous polarity reversal has been completed 
and preventing implementation of a subsequent polarity 
reversal until the previous polarity reversal has been com- 
pleted, determining whether the battery is charging or 
discharging, and determining whether a terminal voltage 
event, a tip-in event, or a tip-out event has occurred. If a 
terminal voltage event has occurred, then the polarity of 
the battery current is reversed at a first slew rate. If a tip- 
in event or a tip-out event has occurred, then the polarity 
of the battery current is reversed at a second slew rate. 
Brief Description of Drawings 



[0014] pig. 1 is a schematic of a hybrid electric vehicle; 

[0015] Fig. 2 is a flowchart of a method for heating a battery in 



the hybrid electric vehicle; 

[0016] pig. 3 is a second embodiment of the method for heating 
the battery in the hybrid electric vehicle; 

[0017] pig. 4 is a third embodiment of the method for heating the 
battery in the hybrid electric vehicle; and 

[0018] Fig. 5 is a plot depicting the operation of the battery un- 
der the method for heating the battery in the hybrid elec- 
tric vehicle. 
Detailed Description 

[0019] Referring to Fig. 1, a schematic of a hybrid electric vehicle 
10 is shown. The hybrid electric vehicle 10 may have vari- 
ous drive train configurations, including a series hybrid 
drive, parallel hybrid drive, or split hybrid drive as is 
known by those skilled in the art. In addition, the hybrid 
electric vehicle 10 may be configured with energy recovery 
devices, such as a regenerative braking system. 

[0020] The hybrid electric vehicle 10 includes an engine 12 and a 
battery 14 as power sources. The battery 14 may be a sin- 
gle cell battery or a battery pack comprising multiple bat- 
teries or cells that are electrically interconnected. Power 
from the engine 12 or the battery 14 is provided to a mo- 
tor-generator 16. The motor-generator 16 is adapted to 
the drive vehicle traction wheels. Specifically, the motor- 



generator 16 is connected to a differential 18 that is con- 
nected to a pair of axles 20 that are each connected to a 
vehicle wheel 22. 

[0021] a control module 24 is used to monitor and control vari- 
ous aspects of the hybrid electric vehicle 10. For example, 
the control module 24 is connected to the engine 12 and 
motor-generator 16 to monitor and control their opera- 
tion and performance. The control module 24 also pro- 
cesses inputs to determine whether the battery 14 should 
be heated. These inputs may include the battery tempera- 
ture and voltage. Battery temperature is provided by a 
temperature sensor 26 located on the battery 14. Alterna- 
tively, multiple temperature sensors may be used. A volt- 
age sensor 28 reads the terminal voltage of the battery 
14. Optionally, multiple voltage sensors may be used. The 
control module 24 is also connected to a gas pedal posi- 
tion sensor 30 that detects when the driver wishes to in- 
crease or decrease vehicle velocity and a brake pedal po- 
sition sensor 32 that detects the driver's braking input. 

[0022] Referring to Fig. 2, a flowchart of a method for heating 
the hybrid electric vehicle battery is shown. At 60, the 
flowchart begins by determining whether the battery is 
cold. The battery is cold if the battery temperature is be- 



low a threshold temperature value. The threshold temper- 
ature value may be a predetermined constant based on 
battery specifications that is programmed into the mem- 
ory of the control module. If the battery temperature is 
below the threshold temperature value, additional heating 
is desired in order to improve battery performance. If the 
battery temperature is not below the threshold value, ad- 
ditional efforts to increase battery temperature are unnec- 
essary. 

[0023] Next, at 62, the process determines whether a "tip-in" 
event has occurred. A tip-in event indicates that addi- 
tional power or vehicle acceleration is demanded by the 
driver. A tip-in event may be indicated by detecting that 
the gas pedal has been pressed quickly. If a tip-in event 
has occurred, the battery voltage is assessed at 64 to de- 
termine whether sufficient battery voltage is available to 
provide the additional power demanded. If the battery 
voltage is low, additional power is not provided and the 
process returns to block 60. If the battery voltage is not 
low, then the polarity of the battery current is reversed at 
block 66, thereby reducing the polarization resistance 
voltage and heating the battery. 

[0024] similarly, at 68, the process determines whether a "tip- 



out" event has occurred. A tip-out event indicates that 
less power or vehicle deceleration is demanded by the 
driver. A tip-out event may be indicated by braking the 
vehicle, lifting off the gas pedal, or a combination of 
braking and/or lifting off the gas pedal. If a tip-out event 
has occurred, the battery voltage is assessed at 70 to de- 
termine whether the battery may be charged with energy 
recovered by a regenerative braking or other energy re- 
covery system. If the voltage is high, then additional en- 
ergy cannot be stored by the battery and the process re- 
turns to block 60. If the battery voltage is not too high, 
then the polarity of the battery is reversed at block 66, 
thereby reducing the polarization resistance voltage of the 
battery and increasing the rate of battery heating. 
[0025] Continuing at 72, if there are no tip-in or tip-out events, 
the process assesses whether the terminal voltage of the 
battery has reached a limit value. The limit value is based 
on the polarization resistance voltage. If the terminal volt- 
age is at the limit value, then the polarity of the battery is 
reversed at block 66 to temporarily nullify the polarization 
resistance voltage and increase the rate of battery heat- 
ing. If the terminal voltage is not at the limit value, then 
the process returns to block 60. 



[0026] Referring to Fig. 3, a flowchart of an alternate embodi- 
ment of the present invention is shown. This embodiment 
is identical to the embodiment shown in Fig. 2 except that 
the polarity of the battery is reversed at two different 
rates. More specifically, if a tip-in event occurs at 82 and 
the battery voltage is not low at 84, then the polarity of 
the battery is reversed quickly or at a high slew rate at 86. 
Likewise, if a tip-out event occurs at 88 and the battery 
voltage is not too high at 90, then the polarity is also re- 
versed quickly at 86. However, at 92, if the terminal volt- 
age is at the limit value, then the polarity is reversed at a 
slow slew rate at block 94. Optionally, additional polarity 
reversal slew rates may be employed. For example, a first 
slew rate may be used for a tip-in event, a second slew 
rate may be used for a tip-out event, and a third slew rate 
may be used for a terminal voltage event. Alternatively, 
any combination of equal or unequal slew rates could be 
used for each type of event. 

[0027] a high slew rate helps make polarity reversals less notice- 
able to vehicle occupants since a reversal can be com- 
pleted while the engine is accelerating or decelerating. 
Specifically, during a tip-in or a tip-out event, higher am- 
bient noise levels mask noise due to the polarity reversal 



process. The driver may also expect the engine to rev up 
or down during a tip-in or tip-out event. For instance, 
when a tip-in event occurs, more energy is demanded 
from the battery and the internal combustion engine, 
which causes the engine to work harder and increases the 
noise level inside the vehicle. When a polarity reversal is 
not expected or initiated by the driver, a slower slew rate 
may be used. For example, a slow slew rate is used when 
a terminal voltage limit is reached since the increased am- 
bient noise levels that accompany engine acceleration or 
deceleration are not present. The slow slew rate reduces 
the perceptibility of any change in engine speed or noise 
that may result from the terminal voltage limit polarity re- 
versal. Consequently, configuring the method with multi- 
ple slew rates helps address occupant sensitivities to 
noise. 

[0028] Referring to Fig. 4, a flowchart of another alternate em- 
bodiment of the present invention is shown. This embodi- 
ment adds steps to the embodiment shown in Fig. 3 to 
make polarity reversals even less noticeable to vehicle oc- 
cupants and to improve vehicle driveability. 

[0029] At 100, the flowchart begins by determining whether the 
battery is cold as previously described. If the battery is not 



cold, additional heating is unnecessary. If the battery is 
cold, the process continues at 102. 

[0030] Blocks 102, 104, 106, and 108 function together to pro- 
hibit polarity reversals based on a tip-in or a tip-out event 
when a previous polarity reversal has not been completed 
or when the polarization resistance voltage is too high or 
too low. The purpose of these steps is to ensure that the 
polarization resistance voltage is reduced before a subse- 
quent polarity reversal request is implemented and to 
achieve more efficient battery heating. 

[0031] Block 102 prevents a polarity reversal from charge to dis- 
charge in response to a tip-in event if the battery status 
flag is set to charging. The battery status flag, denoted by 
"Flag" in Fig. 4, indicates the desired direction of charge. 
For example, if the battery status flag is set to charging, 
the direction of current is being changed from discharge 
to charge. If the battery status flag is set to discharging, 
the direction of current is being changed from charge to 
discharge. Similarly, block 104 prevents a polarity reversal 
from discharge to charge due to a tip-out event if the 
battery status flag is set to discharge. Disabling a polarity 
reversal reduces the likelihood of exceeding battery 
charge limits or incurring an associated vehicle "quit on 



road" event, and helps achieve higher current flow and 
more efficient battery heating. 
[0032] |f blocks 102 and 104 both prevent a polarity reversal, the 
process returns to block 100. If either block 102 or block 
104 permits a polarity reversal, then one of two flags, 
called Disable Tip-In or Disable Tip-Out, is set to false in 
blocks 106 and 108, respectively. Specifically, if an actual 
or measured battery status value indicates the battery is 
charging, then the polarization resistance voltage built up 
in the discharge direction has been overcome and a polar- 
ity reversal from charge to discharge (e.g., due to a tip-in 
event) is permissible. As a result, the Disable Tip-In flag is 
set to false at 106 to allow such polarity reversals based 
on a tip-in event. Similarly, if an actual or measured bat- 
tery status value indicates the battery is discharging, then 
the polarization resistance voltage built up in the charge 
direction has been overcome and a polarity reversal from 
discharge to charge (e.g., due to a tip-out event) is per- 
missible. As a result, the Disable Tip-Out flag is set to 
false at 108 to allow such polarity reversals based on a 
tip-out event. 

[0033] Next, at 110, the process determines whether the battery 
status flag is set to charging or discharging. If the battery 



status flag is set to discharging, the process continues at 
block 112 and determines whether the battery voltage is 
low. If the battery voltage is low, the process continues at 
114. At 114, a desired charge power target level is calcu- 
lated, a battery status flag that indicates whether the di- 
rection of current is changing to charge or discharge is set 
to charging, the Disable Tip-In flag is set equal to true, 
and the polarity of the battery current is reversed at a 
slow slew rate. 

[0034] The desired power target level can be determined using 

preprogrammed values in a look-up table or with an algo- 
rithm. For example, the physical charge limits of the bat- 
tery and driver requests for additional power may be in- 
puts. Since driver requests for additional power may be an 
input in deciding the power target level, the rate of bat- 
tery heating may be adjusted in response to driver de- 
mands for performance and enhance vehicle driveability. 
A first power limit may be based on the physical limits of 
the battery and a second power limit may be based on a 
driver initiated power request. The first and second power 
limits may be compared to select the lowest value as a 
desired power target level. 

[0035] At 116, if the battery voltage is not low, then the process 



determines whether there is a tip-in event. If there is a 
tip-in event, the new discharge power target level is cal- 
culated and the process adjusts the battery utilization to 
that power target at a fast slew rate at 118. 
[0036] Continuing at 120, if there is no tip-in event at block 116, 
the process determines whether there is a tip-out event. If 
there is a tip-out event, the value of Disable Tip-Out is 
tested at 122. If Disable Tip-Out is false, then a polarity 
reversal to charge is permitted. At 124, a new charge 
power target is calculated, the battery status flag is set 
equal to charging, and the polarity is reversed rapidly. If 
there is not a tip-out event at 120 or if Disable Tip-Out is 
true, then a polarity reversal is not implemented and the 
process returns to the beginning as denoted by the circled 
letter A. 

[0037] Returning to 110, if the battery is charging, process steps 
similar to that used when the battery is discharging are 
employed. At 132, the process determines whether the 
battery voltage is high. If the battery voltage is high, the 
process continues at 134. At 134, a desired discharge 
power target level is calculated, the battery status flag is 
set to discharging, the Disable Tip-Out flag is set to true, 
and the polarity is reversed slowly. 



[0038] At block 136, the process determines whether there is a 
tip-out event. If there is a tip-out event, a new charge 
power target is calculated and the process adjusts battery 
utilization to that power target at a fast slew rate at 138. 

[0039] Continuing at 140, if there is no tip-out event at block 

136, then the process determines whether there is a tip-in 
event. If there is a tip-in event, the value of Disable Tip-In 
is tested at 142. If Disable Tip-In is false, then a polarity 
reversal to discharge is permitted. At 144, a new dis- 
charge power target is calculated, the battery status flag is 
set equal to discharging, and the polarity is reversed fast. 
If there is not a tip-in event at 140, or if Disable Tip-In is 
true, then a polarity reversal is not implemented and the 
process returns to the beginning as denoted by the circled 
letter A. 

[0040] Referring to Fig. 5, a plot of how the method relates to the 
power demands on the battery is shown. In the plot, the 
horizontal axis represents time and the vertical axis rep- 
resents the battery power target level. The battery is dis- 
charging in the region above the zero power line and is 
charging in the region below the zero power line. The 
horizontal lines labeled "limit" denote the physical charge 
and discharge limits of the battery. 



[0041] starting at point A and moving from left to right, the bat- 
tery is charging between points A and B. At point B, the 
terminal voltage reaches the polarization resistance volt- 
age limit value and the battery cannot take additional 
charge without first reversing the battery polarity. The 
battery current is reversed at a slow slew rate from points 
B and C. The polarity reverses when the zero line separat- 
ing the charge and discharge regions is crossed. 

[0042] From point C to D, the battery is discharging. At point D, 
the polarization resistance voltage limit of the battery is 
reached and the polarity must again be reversed. The bat- 
tery current polarity is reversed at a slow slew rate from 
points D to E. 

[0043] From point E to point F, the battery is charging. At point F, 
the polarization resistance voltage limit is reached. The 
battery current polarity is reversed at a slow slew rate 
from point F to point G. The battery discharges between 
points G and H. At point H, a tip-out event occurs. The 
battery current polarity is reversed at a fast slew rate be- 
tween points H and I. 

[0044] From point I to point J, the battery is charging. At point J, 
the polarization resistance voltage limit is reached. While 
the polarity is being reversed between points J and K, an- 



other tip-out event occurs. At point K the battery current 
has already changed direction (i.e., point K is on the op- 
posite side of the zero line from point J), which means the 
polarity resistance voltage has been overcome. Conse- 
quently, a polarity reversal back to the charge region is 
permitted. 

[0045] From point L to point M, the battery is charging. At point 
M, the polarization resistance voltage limit is reached and 
the polarity is reversed from point M to point N. The bat- 
tery is discharging from point N to point O. At point O, 
the polarization voltage limit is reached and the battery 
current polarity is reversed at a slow slew rate between 
points 0 and P. 

[0046] From point P to point Q, the battery is charging. At point 
Q, a tip-in event occurs. The battery current polarity is re- 
versed at a high slew rate from point Qto point R. 

[0047] From point R to point S, the battery is discharging. At 
point S, the polarization resistance voltage is met. From 
point S to point T, the polarity is reversed. While the po- 
larity is being reversed, a tip-in event occurs at point T. 
Since point T has a different polarity than point S, a polar- 
ity reversal to discharge is allowed and the polarity is re- 
versed at a high slew rate to point U. 



[0048] From point U to point V, the battery is discharging. At 
point V, another tip-in event occurs. A new discharge 
power target is calculated and established at point W. 
From point W to point X, the battery continues to dis- 
charge. At point X, the polarization voltage limit is 
reached and the polarity is reversed at a slow slew rate to 
point Y. 

[0049] From point Y to Z, the battery is charging. At point Z, a 
tip-in event occurs. A new discharge power target level 
AA is calculated and established at a high slew rate. From 
point AA to point BB, the battery is discharging. At point 
BB, another tip-in event occurs. A new discharge power 
target CC is calculated and established at a high slew rate. 
The process of reversing polarity and establishing power 
target levels continues based on changes in battery status 
and driver inputs. 

[0050] while several embodiments for carrying out the invention 
have been described in detail, those familiar with the art 
to which this invention relates will recognize various al- 
ternative designs and embodiments for practicing the in- 
vention, as defined by the following claims. 



